
SGBJECT CATEGORIES FOR GODDARD JOURNAL 
P 0 

(To be used for classifying all NASA publications, journal articles, and  o ther  papers 
for inclusion in the Goddard Journal.) 

Part A - Space Sciences 

A 1. 
A 2. 
A 3. 
A 4. 
A 5. 
A 6. 
A 7. 
A 8. 

Astronomy and Astrophysics 
Celestial Mechanics and Geodesy 
Solar Physics 
Ionosphere and  Radio Physics 
Fields and Particles 
Planetology 
PI a n e  tary: At mcsphe res 
General  (subjects not  c lear ly  belonging in any  
of categories 1-7) 

Part b - Space Technology 

B 1. 
B 2. 
B 3. 
B 4. 
B 5. 
B 6. 
B 7. 
B 8. 
B 9. 

B 10. 

Projects and  Programs 
Space Dynamics and Control Systems 
Spacecraft  and Subsystems 
Vehicle Technology 
Sounding Rockets 
Sensors 
Genera  I E I ec t roni cs 
Environmental Testing 
Tracking Systems 
General  (subiects not c lear ly  belonging in  any  
of categories 1-9) 

i 

I .  



i 

I 

- 2  

A NEW STUDY OF STELLAR MOLECULAR ABUNDANCES 

I. The Influence of Polyatomic Molecules on 
Previously Detmxined Abundances. 

Joseph P. Dolan 

I n s t i t u t e  f o r  Space Studies, Goddard Space Flight  Center, NASA, 
New Yo&, New York, 

P 

and 

Harvard College Observatory 
Cambridge, Massachusetts 

‘- 

February, 1965 



- 1  

* . ..' I_ 

1 

ABSTRACT 

.15 I . -  . 

Abunclances of molecules, Ion; a d  atoms are ca lcu la ted  

f o r  conditions preva i l ing  i n  l a t e  type dwarf, g i a n t  and 

supergiant atmospheres. 

r a t i o s  are employed. 

not  considered in previous inves t iga t ions  a r e  of importance 

both i n  themselves and i n  influencing the abundance of 

o the r  molecules. 

Three d i f f e r e n t  carbon to oxygen 

Results i nd ica t e  that  some molecules 
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The f i rs t  thorough inves t iga t ion  of the abundances of 

molecules and atoms i n  s t e l l a r  atmospheres a s  a funct ion Of 

s p e c t r a l  c l a s s  and luminosi ty  type was car r ied  out by 

H, N. Russell (1934). Further studies of the problem 

have improved upon Russell primarily i n  t h e i r  use of more 

accurate  d issoc ia t ion  energies, and i n  the number of species 

they considered. 

i t  was considered worthwhile t o  carry out the so lu t ion  of' 

the  re levant  equations once again f o r  a large number of 

molecules and i o n s  t o  see how the  addi t ion  of species not  

previously considered would a l t e r  the r e s u l t s  based upon 

a fewer number of components. 

With the l a t t e r  po in t  espec ia l ly  i n  view, 

For any case of species A and B i n  equilibrium with 

t h e i r  compound species AB, the number d e n s i t i e s  of  A,  B 

and AB a r e  r e l a t ed  by 

where ZA i s  the p a r t i t i o n  function of species  A, e t c ,  (see,  

f o r  example, Fowler and Guggenheim, 1960). 

func t ion  i s  r e l a t ed  t o  the number of modes i n  which a 

system (here,  an atom, molecule o r  e lec t ron)  may possess 

The p a r t i t i o n  
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z. 

energy. 

r o t a t i o n  and v ib ra t ion  a s  well as i n  i t s  e l ec t ron ic  con- 

f i g u r a t i o n  and nuclear energy s ta te ,  the t o t a l  p a r t i t i o n  func- 

t i on ,  which-is. .$he product o f  each indizridual pall t i t ian 

function, assuming -ckiem CG be inuepsnaeni, is givan uy 

Since a molecule may possess energy of t r a n s l a t i o n ,  

z = Z t  2, ZV ze 2, 

where Zt i s  the trans1atic:lal  p a r t i t i o n  function; Z,, the 

ro t a t iona l ;  Zv, the v ibra t iona l ;  Ze, the  e l ec t ron ic ;  and 

Z,, the  nuclear.  Formally, the p a r t i t i o n  funct ion i n  each 

case i s  given by 

4. 

where Ein i s  the nth energy l eve l  i n  the i t h  energy mode, 

k is  Boitzrnann's constant, and T i s  the absolute  temperature. 

We see tha t  f o r  atoms, Z, - - Zv = 1, as  Eo = 0 i n  both cases, 

and the excited s t a t e s  have E, much greater than kT. 

The t ranslat icnzl  ~ i r ' : i t i n _ n _  f ~ n c t l n n  1s given by 

s t a t i s t i c a l  thermodynamics as 
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where M i s  the  mass of the system and h i s  Planck's constant.  

Thus, 

where u i s  the reduced mass, given by 

/ /  1 
Zn, % and Z a r e  the in t e rna l  p a r t i t i o n  funct ions of 

species  A ,  B and AB (i.e., that  p a r t  of  the t o t a l  p a r t i t i o n  

funct ion which does not contain the t r ans l a t iona l  p a r t i t i o n  

funct ion)  and D i s  the d issoc ia t ion  energy of species  AB i n t o  

the separate  species  A and 3. D a r i s e s  from the se lec t ion  

of the ground s ta te  energy o f  the separated species  as the 

zero poin t  of energy; the e le rd ies  appearing i n  ZAB a r e  now 

measured from the ground s t a t e  energy of AB. 

Sana-Boitzmann equation. 

AB 

Th i s  i s  the 

The ro t a t iona l  p a r t i t i o n  funct ion f o r  l i nea r  molecules 

i s  found t o  be 
Z , = 8 7  2 A k T  

h2 s 
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where A i s  the t ransverse moment of i n e r t i a  of the molecule. 

s ,  the  symmetry number, i s  the number of indis t inguishable  

o r i en ta t ions  of the molecule ( e - g . ,  2 f o r  C2, 12 f o r  CH4) .  

Rotation about the  a x i s  joining the nuclei  has such a large 

separat ion o f  the energy eigenvalues t ha t  its p a r t i t i o n  

funct ion equals one f o r  our purposes. 

polyatomic molecules, 

For non-linear 

z, = 8JJ- 2 3/2 ( A  B C)' 
S 

where A, B and C are the molecule's th ree  p r inc ipa l  moments 

of i n e r t i a ,  

The Vibrational p a r t i t i o n  funct ion I s  

=n(1 - exp 
zv i 

where vi i s  the cha rac t e r i s t i c  frequency of the i t h  mode 

of vibrat ion.  For example, a diatomic molecule has only 

n m  mnde nf vibration;  thus, only one term would appear i n  

i t s  v ibra t iona l  p a r t i t i o n  function, 

The e lec t ronic  p a r t i t i o n  funct ion is  
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where Ei i s  the energy of the  i t h  e lec t ron  l eve l  above the 

ground leve l ,  and 

of t ha t  level .  

Ei was l e s s  than 2.35 ev were included, as  higher terms 

than these were negl ig ib le  i n  comparison w i t h  the  ground 

l eve l  term. 

r e a l i t y  an i n f i n i t e  number of  e lec t ronic  leve ls  does not  

e x i s t .  This  resul ts  from the existence of the  po ten t i a l  

f i e lds  of other  p a r t i c l e s ,  a phenomenon which appears as 

the lowering of the apparent ion iza t ion  p o t e n t i a l  ( o r  

"pressure ionizat ion")  of atoms under high pressure.  

atoms, 

di i s  the s t a t i s t i c a l  weight (degeneracy) 

In  t h i s  paper, only terms i n  the sum where 

The i n f i n i t e  sum leads t o  no d i f f i c u l t y ,  as i n  

For 

wi = ( 2  Li + 1) ( 2  si t 1) 

where Li i s  the o r b i t a l  angular momentum quantum number of 

the  i t h  level ,  and Si is  i t s  spin quantum number. 

mo lecules  , 
For 

where Si i s  once again the  electronic  sp in  quantum number, 

and Di equals one if & = 0 ( a  2, s t a t e )  and two otherwise. 

11 i s  the quantum number o f  the e lec t ronic  angular momentum 
I 
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about the in te rnuc lear  axir;. The behavior of Di r e s u l t s  

from the treatment of the molecule as a r i g i d  r o t a t o r  f o r  

A =  0 and a symmetric top f o r  A #  0:' 

has a p o s i t i v e  and negative r o t a t i o n a l  l eve l  for  each value 

of J, the t o t a l  angular momentum of the molecule, while the 

the symmetric top 

r ig id  r o t a t o r ' s  r o t a t i o n a l  l e v e l s  are pos i t i ve  o r  negative 

according t o  whether J is even o r  odd. 

Since nuclear p a r t i t i o n  funct ions w i l l  c l e a r l y  cancel 

i n  the Saha-Boltzmann equation, they need concern us no 

f u r t h e r .  The only exception occurs i n  the case of ion iza t ion ,  

where the e l e c t r o n ' s  i n t e r n a l  p a r t i t i o n  funct ion has a value 

of  2 ( the  s t a t i s t i c a l  weight of i t s  f ree  s ta te ,  caused by 

the two possible or ien ta t ions  of i t s  sp in) .  

Together w i t h  the  constraining equations on the  t o t a l  

number of nuc le i  and electrons,  the s e t  of Saha-Boltzmann 

equations so  obtained f o r  a given number of species  re- 

p re sen t s  a determinate system f o r  any given temperature and 

pressure.  Note p a r t i c u l a r l y  t ha t  the e l ec t ron  pressure 

need no t  be assumed, but can be found simultaneously w i t h  

the number d e n s i t i e s  of a l l  o ther  species.  The number of 

va r i ab le s  i s  usually reduced by means of the constraining 

equat ions on the number of nuc le i  present. For titanium, 
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I 
f o r  example, the t o t a l  nuclear number densi ty ,  NTj,  i s  

= NTi. + NTi NO $- NTi  %iz 

%io Ne 

1 + No + - %I+ = NTi 
%LO Ne 

where NTi i s  the number densi ty  of atomic t i tanium present ,  

No, of atomic oxygen, Ne, the f r e e  e lec t ron  number densi ty ,  

and &Tio and Q.ri + are t h e  r a t i o s  of p a r t i t i o n  funct ions 
found i n  the appropriate  %ha-Boltzmann equations f o r  NTi c 

and t i tanium oxide, respect ively.  Since NTi f i s  given by 
and NTio , the  number dens i t i e s  of once ionized t i tanium 

the r e l a t i v e  nuclear abundances assumed, NTi may be replaced 

i n  a l l  other  constraining equations by the  expression 
- i r ;  + No + %i' - -  / 

&Ti0 -Ne 
NTi = NTi 

When the problem has t h u s  been reduced t o  seven o r  e igh t  

var iables ,  a Newton-Raphson i t e r a t i o n  br ings rapid convergence 

from s u i t a b l e  i n i t i a l  guesses t o  the f i n a l  solut ion.  

To apply the invest igat ion w i t h  r i go r  t o  a spec i f i c  s tar ,  

a model atmosphere would be required.  Values of temperature 
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and pressure a t  every poin t  would then lead t o  the various 

abundances a t  every o p t i c a l  depth. The r e s u l t s  could then 

be compared w i t h  those derived from absorption bands i n  the 

s t e l l a r  spectrum, which a r e  themselves formed over a range 

of temperatures and pressures, usually d i f f e r e n t  f o r  d i f f e r e n t  

molecules. Needless t o  say, such a procedure can not  a t  

present  be followed, a s  the atmospheres of such s t a r s  a r e  

not s u f f i c i e n t l y  well known. Thus, we adopt A l l e r ' s  

(1960) values of temperature and pressure f o r  dwarfs 

(luminosity type v), g ian t s  ( III) and supergiants ( I}  a t  

o p t i c a l  depth tsOo0 = 0.4 and ca l cu la t e  the abundances 

there .  The r e s u l t s  can thus be regarded a s  a semi-quantitative 

guide t o  the e f f e c t s  of spec t r a l  c l a s s  ( o r  temperature), 

luminosity type ( o r  pressure) and composition d i f fe rences  

upon the abundances i n  s t e l l a r  atmospheres. 

The molecular and atomic constants employed i n  calcu- 

l a t i n g  the p a r t i t i o n  functions a r e  l i s t e d  i n  Table I. It 

was decided t o  adopt Al le r ' s  method of varying the carbon 

content so that the r e s u l t s  could be compared d i r e c t l y  t o  

h i s  ( f i l l e r ,  1960, 1963, 1961). The nuclear abundances 

adopted a r e  l i s t e d  i n  Table 11. The oxygen r i c h  mixture 

corresponds t o  normal ( G ,  K and M) s t a r s ,  while the other  

two mixtures r e f e r  t o  carbon (C o r  R and N) s t a r s .  

e f f e c t s  of a l t e r i n g  the zirconium nuclear abundance upon 

The 

! 

i 
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the  r e l a t i v e  abundances of the oxides of titanium and z i r -  

conium have been well  documented elsewhere, and t h u s  only 

one zirconium nuclear abundance was employed, 

t e r i s t i c  parameters of Z r 0 2  and T i 0 2  were not considered 

s u f f i c i e n t l y  w e l l  known t o  warrant the inclusion of these 

molecules. Btanger (1963) has shown, however, t h a t  the 

T i 0  and Z r O  abundances a r e  depressed a t  lower temperatures 

by the formation of the dioxides. 

empirical  temperature - spec t r a l  c l a s s  re la t ionship  f o r  the 

th ree  luminosity types considered f o r  t5000 = 0.4. 

molecular absorption is most important i n  t h e  inf ra red ,  the 

temperature of the  region i n  which some absorption l i n e s  

a r e  formed i n  a s t a r  of given spec t r a l  c l a s s  may be lower 

than t h a t  given i n  Table 111. 

The charac- 

Table 111 gives  the 

Since 

Iben (1964) has proposed t h a t  d u r i n g  i t s  helium burn- 

ing phase the nitrogen t o  carbon nuclear abundance r a t i o  

a t  the surface of a red giant  may r i s e  t o  values g rea t e r  

than 1. 

bon nuclear abundances was therefore  car r ied  o u t  t o  provide 

a basis f o r  the observational check of Iben ' s  theory. 

A s e r i e s  of s o l u t i o n s  f o r  equal nitrogen and car- 

i 

i 

t 

I 
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NORMAL CONPOSITION STARS 

Figures 1, 2 and 3 show the r e s u l t s  of our calcula-  

t i o n s  f o r  dwarfs, g i a n t s  and supergiants of normal (oxygen 

r i c h )  composition, As i n  Aller, molecular hydrogen becomes 

the  most important component i n  dwarfs f o r  temperatures 

below 3100' K, 

t u r e s  below 3100' K, and, below 4200' K, more abundant 

than CH, which reaches a maximum a t  4600' K and becomes much 

l e s s  abundant a t  low temperatures. 

ni t rogen compound, being more abundant than atomic 

ni t rogen below 3800' K. 

a t  4200' K. The T i 0  and ZrO abundances and behavior agree 

w i t h  A l l e r ' s  ca lcu la t ions .  It i s  seen t h a t  C02 ,  CH2, CH3, 

CH4, C 5  and HCN a r e  the molecules which absorb most of the 

carbon l e f t  over from CO a t  low temperatures, t hus  depress- 

i ng  the abundances of C2, CH and CN, 

abundant than cyanogen f o r  temperatures below 2600' K, 

Water i s  more abundant than OH f o r  tempera- 

N2 i s  the most abundant 

Cyanogen ( C N )  reaches a maximum 

Methane is more 

A C k n n  
W V A A C A  

nnnm-1 n a n C  
P A  V I I I I A A C A A  V ccnsidered 

a r e  NH3, SH, H2S, 310, MgH, MgO and S-. Ammonia r i s e s  t o  

o n e - f i f t i e t h  the NH abundance a t  2500° K. 

is  more abundant than OH a t  2500' K, being about one-tenth the  

S i l i con  monoxide 

carbon monoxide abundance there. The negative s u l f u r  ion 

abundance becomes one-quarter that of H- a t  2500' K. 

-11- 



For g i an t s  of the same composition, our ca lcu la t ions  

agree w i t h  411er as t o  oxygen being more abundant than 

carbon monoxide t o  the lowest temperatures considered. 

Likewise, molecular hydrogen (H2) never becomes as abundant 

as atomic hydrogen. Water is down by a f a c t o r  of 10 i n  

concentration r e l a t i v e  t o  t h e  dwarf, o r  by a f a c t o r  of 200 

r e l a t i v e  t o  the atomic hydrogen abundance. Titanium, 

zirconium and t h e i r  oxides a l so  exh ib i t  the behavior found 

by Aller. S i l i con  monoxide, which he d id  not consider, is  

the s ixth most abundant molecule a t  low temperatures, a f te r  

H2, CO, OH, H20 and N2. 

4500° K, b u t  a r e  severely depleted a t  lower temperatures 

by the formation of C02.  

2900' K but  i t s  concent ra t im a t  low temperatures i s  down 

by three orders  of magnitude from the dwarf. CH2 and HCN 

both exh ib i t  maxima around 3900' K. 

r'or the g i a n t  a r e  always lo5 less than NH abundances. 

I n  supergiants,  the behavior of carbon monoxide, 

CN and C2 reach maxima around 

CH2 is more abundant than CH below 

Ammonia abundances 

molecular and atomic hydrogen, titanium, zirconium, and 

the i r  oxides, and N2 agrees w i t h  Aller 's  ca lcu la t ions .  

C2, however, as  w e l l  as  CN 2nd CH, *depleted a t  low 

temperatures by the formation o f  carbon dioxide. 

CH a t t a i n  maxima a t  4200' K, and CN a t  3900' K. 

1-5 

C2 and 

CO i t s e l f  

-12- 
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has a f l a t  maximum a t  3600° K. 

cent ra t ion  i n  g i an t s  by another+order  of magnitude, 

and CH4 a r e  much l e s s  abundant than CH or  CH2. 

monoxide, however, i s  more abundant than OH between 2500' K 

and 2800' K. 

concentration i n  g ian ts .  

Water i s  down from i t s  con- 

CH3 
Si l i con  

. Ammonia I s  down by a f a c t o r  of 10 from i ts  

CAmON STARS 

Stars containing anomalously large abundances of 

carbon r e l a t i v e  t o  oxygen are  observed only a s  g i an t s  o r  

supergiants.  Figures 4 and 5 show the r e s u l t s  of the  

ca l cu la t ions  f o r  these two types when the carbon and oxygen 

abundances a r e  equal. As with A l l e r ' s  resu l t s ,  CN i s  much 

more abundant than i n  a star of normal composition, reaching 

a maximum a t  3900' K i n  the g i an t  and 3600' K i n  the super- 

g i a n t .  In  both types it continues t o  be abundant down to  

low temperatures. The oxides of titanium and zirconium are 

down by 10 4 and 10 3 from t h e i r  normal abundances, s o l e l y  

due t o  the increased absorption of oxygen i n  carbon monoxide. 

All other  carbon compounds, wi th  the exception of C02, a r e  

up by a f a c t o r  of 10 

their concentration I n  star:; 01' normal composition, and 

4 a t  temperatures below 4000' K from . .  

-13- 
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oxygen compounds are down by a f a c t o r  of 10 4 . Oxygen is  

now t i e d  up i n  carbon monoxide,, and is t h u s  unable t o  form 

more of the dioxide. C 3  i s  found t o  be the next most 

abundant carbon compound a f t e r  CO, being more abundant 

than cyanogen below 3300' K i n  the g i an t  and 3100' K i n  

the supergiant.  

a t  lower temperatures. 

compound a f t e r  carbon monoxide, exhibi t ing a f l a t  maximum 

around 2500' K. S i H  and SH a re  a l s o  abundant. Molecular 

hydrogen remains below atomic hydrogen i n  g i an t s  by a 

f a c t o r  of 4 even f o r  temperatures around 2500° K. 

CH2 becomes the most abundant hydrocarbon 

S i 0  i s  the most abundant oxygen 

Figures 6 and 7 show the abundances found i n  the  

extreme case of carbon r i c h  g ian ts  and supergiants.  

previous s tudies ,  He and CO a r e  the most abundant molecules. 

The oxides of t i tanium and zirconium a r e  depressed s t i l l  

fu r the r ,  w i t h  a f l a t  T i 0  maximum a t  3100' K i n  the super- 

g i a n t  and 3600' K in the giant .  C2 is more abundant than 

CN below 2800' K, but  i s  always l e s s  abundant than atomic 

carbon. 

below 2900' K i n  both the giant  and supergiant,  where i t s  

concentrat ion a t  lower temperatures i s  much enhanced com- 

pared t o  i t s  concentration in  stars of normal composition. 

HCN and C S  are l ikewise abundant i n  carbon r i c h  stars.  

A s  i n  

CH2 i s  more abundant than CH f o r  temperatures 

-14- 
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Si l icon  monoxide, w i t h  a maximum a t  4000° K, is  down by 

a f a c t o r  of 10 a t  low temperatures from i t s  concentrat ion 

i n  stars of equal carbon and oxygen abundance. 

3 

Even f o r  these carbon r i ch  atmospheres, the negative 

hydrogen ion  i s  300 times more abundant than the negative 

carbon o r  oxygen ions.  T h i s  compares w i t h  an H- t o  C- 

r a t i o  above 4500’ K of 600 f o r  equal carbon and oxygen 

nuclear  abundances and of 2000 f o r  normal abundance stars, 

a r e s u l t  i n  agreement w i t h  previous work (Branscomb and 

Pagel, 1958). 

10 f o r  normal s t a r s ,  and C‘ becomes even l e s s  abundant 

below 4500’ K. 

sources of continuous opacity i n  s te l la r  atmospheres, 

e spec ia l ly  i n  cooler  stars (Myerscough and McDowell, 1964). 

S-, however, appears t o  be the most abundant negative ion 

besides  H- a t  low temperatures, and may be important as  a 

source of continuous opacity i n  cooler  g i an t s  and super- 

0- is  more abundant than C- by a f a c t o r  of 

Thus, C- and 0- do not seem important as 

-*  - -&-  *-*L--* 4 + -n-nLrro n n a - C ;  C C ;  r r ~ k  +hn E- a h ~ ~ f i g n c ~ ~  
t j r a i L u a ,  W A A G L  G A w A G U ~ A A G U  v b A \ r  - & A L  c..LbcII Y..Y 

o r  i n  cool dwarfs, where i t  attains one-fourth the HT abundance. 

STARS WITH ANOMALOUS NITROGEN ABUNDANCES 

One f i n a l  ca lcu la t ion  was made fo r  the case of g i an t s  

( luminosi ty  c l a s s  111) containing a nuclear abundance of 

-15- 
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nit rogen equal t o  t h e i r  carbon nuclear abundance. The 

nuclear abundances of carbon, oxygen and a l l  other  elements 

except ni t rogen remained the same as  f o r  the normal (oxygen- 

r i c h )  s tar .  

s tar  of normal nuclear abundances occur, as might be expected, 

i n  molecules containing nitrogen. 

NO, N2 and CN a r e  more abundant by f a c t o r s  running from 1.5 
( a t  2500' K) t o  3 ( a t  4600' K )  i n  the high abundance 

ni t rogen s ta r  than i n  the  normal giant .  Atomic ni t rogen 

and such less abundant molecules a s  HCN, NS, S I N  and NH3 

e x h i b i t  the same behavior. Since ni t rogen compounds con- 

ta in ing  other  atoms (such a s  CN o r  NO) a r e  much lower i n  

abundance than the most abundant compounds containing these 

o ther  atoms, increases  by f ac to r s  of 3 i n  the ni t rogen 

compound abundances have no e f f e c t  upon the abundances of 

molecules containing no nitrogen. Thus, any observat ional  

check of Iben 's  (1964) hypothesis concerning the r a t i o  of 

ni t rogen t o  carbon on the surface of red g ian ts  du r ing  

helium burning must rest upon a spectroscopic invest iga-  

t i o n  of the abundances of the ni t rogen compounds alone. 

The only differences i n  composition from a 

Such molecules a s  NH, 

Quant i ta t ive  as well a s  q u a l i t a t i v e  agreement was 

noted between our r e s u l t s  and those of Aller (1960) f o r  

g i a n t s  of equal carbon and oxygen nuclear abundance. 

- 16- 



.I - I -  

.. 
a@* t 

Adjusting our atomic hydrogen abundance t o  h i s  gives  iden t i -  

c a l  resu l t s  f o r  many of the compounds he lists i n  h i s  Table 

14. 
1 

The exceptions are carbon:and oxygen compounds, which 

are depressed i n  our r e s u l t s  due t o  the inc lus ion  of C3, 

HCN, CH2 and S i O .  Zirconium differences a r e  due t o  a 

d i f f e r e n t  composition which k l l e r  uses  t o  explain the  S c l a s s  

spectrum. We a l s o  note t h a t  the e lec t ron  pressures  computed 

by us  a s  p a r t  of the solut ion agree w i t h  those values he 

gives  i n  h i s  Table 7. 

The g r e a t e s t  e r r o r s  in the  present  ca lcu la t ions  a r i s e  

from the experimental uncertaint ies  i n  the d issoc ia t ion  

energies,  which en te r  the  equations exponentially.  Fortunate- 

l y ,  these values are known w i t h  f a i r  accuracy f o r  the more 

important molecules. It W ( ~ S  found that  the separate  species  

a r e  only weakly interdepenuenc, s o  t h a t  e r r o r s  i n  the d i s -  

soc ia t ion  energy of any on(? molecule w i l l  a f fec t  the abund- 

ance of t ha t  molecule alone. 

the  exclusion of other  species whose cha rac t e r i s t i c  para- 

Fur the r  e r r o r s  may be due t o  

meters a re  poorly known, b u t  whose inclusion m i g h t  depress 

the concentration of the l e s s  abundant molecules i n  our 

solut ions.  Further,  the equations pre-suppose thermodynamic 

equilibrium, which is only a f i rs t  approximation t o  condi- 

t i o n s  i n  the ou te r  atmospheres of l a t e  type s t a r s .  With 



these points i n  mind, we believe that the solutions given 

in th is  paper represent a closer approximation t o  the real  

relat ive abundance9 than previous results .  

It is  a pleasure t o  acknowledge many helpful discussions 

w i t h  Dr, A,  G,  W, Cameron, who i n i t i a l l y  suggested the 

problem discussed i n  this paper, 

-18- 
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9 .  

I '  

Species 

A 1  
H 
K 
Na 
T i  

Zr 
C' 
H' 
0- 
S' 

si- 
H 2  
02 
OH' 

Mo l e  c u 1 e 

*C 
*CEi 

CHt* C + Ha 
C H 2 4 H  + H 
C H 3 + C H 2 +  H 

CH4 + CH3+ H 
*CN 
*co 

C S  
c02 * co t 0 

TABLE I 

Adopted Molecular and Atomic Constants 
- - c  

I. P. (ev.) Vibrational Constant Rotational Constant 
GG - hv/k Q (c  .g . s . 

5.95 

4.31 
5.11 

13.5 

6.82 

6.94 
1.13 
0 754 
1.46 
2- 07 

1.80 
15.6 
1?*2 L. 

L !  (ev.) Vibrational Constant Rotational Constant 
8 = hv/k Q (c .g.s . 1 V 

6.25 2.34 x 103 OK 11.2 x 

3.60 3.99 2.57 
5.92 2.08, 4.27, 4.32 4.48 
3.40 1.95, 2.09(2), 4.27,4.38(2) 1 . 5 0 ( N )  

3.47 3.99 2.52 

4.21 
7.5 2.95 19.2 

5.40 0.960, 2.00, 3.36 89.2 

4.47 6.10 0 . 300 

1.88(3), 2.20(2), 4.20, 4.35(3) 0.710(N) 

11.1 3.10 18.9 
7.9 1.84 44.4 

HeH+ 9 He 4 Ha 1 .go 4.86 1.89 
H e N  * H  + CN 4.91 1.02, 3.00, 4.77 47.0 

*H$ + H t OH 5.11 2.29, 5.27, 5.44 0.838(N) 
H2S * H + SH 3 -93 1.71, 3.76, 3-78 2.44( N) 

0.513 
2.0 
4*5 
9.76 

1-89 
0 133 
1.39 
2.10 
1.13 
3.34 

325 
10.7 
6.29 
9ao7 
63.7 



TABLE I, cont. 

Molecule 

*" 
"2 + H  + NH 
NH3 a H  + % 
*NO 
N02 

NZO 0 + N2 
Na 
*02 
0 + 0 2 * 0  

*O;f 

so 
SiH 
S I N  

3.0 
313 

*Ti0 
*ZrO 

Adopted Molecular and Atomic Constants 
- - -  

D (ev.) Vibrational Constant Rotational Constant 
OV hv/k Q ( c  .g .s.) 

3 0 %  4.75 103% 4.13 x loo2 
0.44 0.917, 1.41, 2.21 4.35 7.81 1.34, 2.34(;L), 4.80, Q.S;r! (L)  1.72(N) 

1.71 0,848, 1.84, 3.20 166 
5.0 1.74 39.1 
5.11 2.23 12.6 
1.02 1.01, 1.49, 1.60 6 5 . m )  
4.39 5.25 -1 -93 

4.4 
3.59 
5.35 
3.19 
4.5 

8.09 
6.38 
6.89 
7.79 

1.04 
3.42 
1-61 
2.99 
1.66 

1.78 
1.07 
1.44 
1.34 

61.7 

51*5 

49 .? 

3-05 
4.85 

50.3 
120 
68.0 
58.8 

Molecules marked by an as ter isk a re  those considered by 

Aller (1960, 1961, 1963). c 

In  the vibrational constant e,,, e.&, i n  CH3, 2.09(2) 

means that  the mode whose charac te r i s t ic  temperature is 2.09 x 

lo3 OK is  doubly degenerate, etc.  

The ro ta t iona l  c o n s t a t ,  Q, = G2 A k/h2 s, where A is  

the transverse moment of iner t ia  and s, the symmetry number, 
except fo r  non-linear molecules, denoted by (N), where A = 

8 )  (2 T i  k/h ) 3/2 ( A  B C)1/2, A, B and C being the 

prlnclpal moments of Iner t ia .  



TABLE 11 
\ 

Adopted Nuclear Abundance9 

Nucleus Relative Abundance 
j 

H 

He 

0 

Ne 

N 

si 
M g  

S 

Na 

A 1  

K 

T i  

Z r  

C (C rich) 

c ( c  = 0) 

C (0  r ich  

N ( C  = N) 

log A = log (Vmetals) 5 4.23 

6 1.0 x 10 

1.55 x 105 

8.00 x lo2 
5.28 x lo2 
9.52 x lo1 

3.15 x 10' 

2.51 x lo1 

2.00 x lo1 
2.00 

1.60 

5.00 x 

4.79 x 

1.70 

1.60 103 

8.00-x lo2 
2.50 x io* 

2.50 x lo2 

A l l  abundances, except those of carbon and oxygen, are 

solar abundances taken from L. Goldberg, E. Muller and 

L. Aller, Ap. J. Suppl., 2, 1, 1960. 

. 
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I 
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I11 
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TABLI$ I11 

Spectra1 Class - Temperature for Normal Stars 

\ 

L 
! 

GO 

- 
- 
1.0 

K3 
- 
1.23 

1.46 

M3 

1.69 

I 
1 

e = 504Ofi 

G2 G5 G8 KO 
- - - - 

- - 1.12 1.14 

l.i5 1.19 1.26 1.31 

K5 K6 K8 MO 

- 1.22 1.31 1.40 

1.39 - - i.50 

1.57 1.51 - - 

K1 K2 

- - 
- 1.18 

1.36 1.41 

M1 M2 

- 1.51 

i .58 1-63 
1.63 - 
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